-finger domain named after 4 cysteine-rich proteins: FAB1, YOTB, VAC1, and EEA1; GABARAPL2, GABA(A) receptor-associated protein-like 2; GFP, green fluorescent protein; GST, glutathione S-transferase; IC50, half maximal inhibitory concentration; HRP, horseradish peroxidase; IP, intraperitoneal; MAP1LC3B/LC3B, microtubule-associated protein 1 light chain 3beta; MP, melting point; MTOR, mechanistic target of rapamycin; NCI, National Cancer Institute; NMR, nuclear magnetic resonance; PLA2, phospholipase A2; PtdIns3K, phosphatidylinositol 3-kinase class III; PtdIns3P, phosphatidylinositol 3-phosphate; PVDF, polyvinylidene difluoride; RFP, red fluorescent protein; RLU, relative luciferase units; RPS6, ribosomal protein S6; RPS6KB1, ribosomal protein S6 kinase, 70kDa, polypeptide 1; SEM, standard error of the mean; ULK1/2, unc-51-like autophagy activating kinase 1/2.
Introduction
Autophagy is a universal process whereby cellular components and damaged organelles are sequestered within autophagosomes for lysosomal degradation. Autophagy has proven to be an essential pathway for cellular homeostasis. In addition to removing dysfunctional proteins and organelles, autophagy provides amino acids, monosaccharides, nucleic acids, and lipids during times of nutrient deprivation. [1] [2] [3] Autophagy is a key pathway for cell survival but, if protein loss becomes excessive, cell death will result.
During tumor development, autophagy is enhanced to promote cell survival under ischemic conditions. [8] [9] [10] Autophagy can also enhance cell survival by removing organelles damaged by chemotherapy agents. 9, 11, 12 Resistance of osteosarcoma cell lines to doxorubicin, cisplatin, and methotrexate has been shown to be due to the induction of autophagy by the DNA-binding protein HMGB1 (high mobility group box 1). 13 On the other hand, autophagy is one of 3 primary venues of cell death, which also includes apoptosis and necrosis. Many existing chemotherapy drugs act by inducing apoptosis while others promote autophagy-mediated cell death of neoplastic cells. 14, 15 Given that autophagy can promote cell survival or cell death, its regulation is critical for the developing tumor.
There are 2 primary regulatory pathways of autophagy: MTOR (mechanistic target of rapamycin), a negative regulator, and PtdIns3K (class III phosphatidylinositol 3-kinase), a positive regulator. MTOR inhibits the ULK1/2 (mammalian orthologs of yeast Atg1) complex, which activates autophagy by stimulating PtdIns3K activity. 16 The MTOR inhibitor, rapamycin, induces autophagy-mediated cell death in glioma cells. 17 PtdIns3K synthesizes phosphatidylinositol 3-phosphate, which provides a docking site for ATG proteins at the sequestering membranes of the forming autophagosome. 18, 19 Chemoresistance is attenuated in hepatocarcinoma cells when treated with the PtdIns3K antagonist, 3MA (3-methyladenine). 20 Both pathways modulate the lipidation of LC3B by presumably regulating the activities of ATG4, ATG7, or ATG3. Of the 4 autophagins (ATG4A, ATG4B, ATG4C, and ATG4D) identified, Yin and coworkers have shown that ATG4B had the highest catalytic efficiency for cleaving the C terminus of LC3B. 21 Once the C-terminal glycine of LC3B is exposed by ATG4B, ATG7 in an ATP-dependent manner activates LC3B for delivery to ATG3, which conjugates LC3B to phosphatidylethanolamine. The lipidation of LC3B anchors this protein to the forming autophagosome where it promotes membrane expansion to enlarge the autophagosome thus increasing the amplitude of autophagy. 22 The lipidated LC3B is either degraded within the autolysosome or cleaved by ATG4B and the LC3B recycled. ATG4B provides the cell with enough LC3B to amplify autophagy and recycles the lipidated LC3B to sustain autophagy. 23 Studies suggest that antiautophagy compounds may prove effective in suppressing tumor growth and countering tumor resistance to chemotherapies. 14, 15, 24 Chloroquine and its derivatives, which suppress autophagy by inhibiting lysosomal degradation, are currently being used in 33 clinical trials as listed on the NCI (National Cancer Institute) website to treat lung, pancreas, colorectal, renal, prostate, skin, and breast cancers. However, Maycotte et al. have recently shown that the anticancer effects of chloroquine may be independent of autophagy inhibition. 25 In addition, such antilysosomal agents can ultimately alter cellular metabolism possibly leading to cell death and unfavorable side effects. In this study, we have utilized genetic and pharmaceutical means to show that ATG4B is essential for autophagy and a potential drug target for the treatment of osteosarcoma. We identified NSC185058 by in silico docking small compounds from the NCI library to the active site of ATG4B. We have shown that NSC185058 inhibits ATG4B, the lipidation of LC3B, and autophagy without affecting the MTOR or PtdIns3K pathways. Furthermore, we have demonstrated that NSC185058 is effective in suppressing autophagy in vivo and in attenuating the growth of osteosarcoma tumors. These studies substantiate ATG4B as a target and NSC185058 as an ATG4B antagonist to treat bone cancer.
Results
ATG4B is essential for starvation-induced autophagy ATG4B, a cysteine protease, activates LC3B for lipidation and recycles lipidated LC3B to form free LC3B. 23, 26 LC3B does not appear to be essential for the formation of the autophagic vacuole, but does affect the size of these vacuoles and their transport along microtubules. 23, 27, 28 ATG4B and LC3B are present in many cell lines isolated from kidney, bone, breast, liver, and colorectal cancers (Fig. S1A) . In order to establish the role of ATG4B in autophagy, we utilized shRNA to knock down ATG4B. ATG4B expression was diminished by 70% in shATG4B-Saos-2 cells compared with shCon-Saos-2 cells (Fig. S1B) . The autophagy response under amino acid and serum-starved conditions was assessed by GFP-LC3B localization, protein degradation, and visualization of autophagic vacuoles (AVs) by electron microscopy. Under fed conditions ( Fig. 1A and C) , GFP-LC3B expressed in shCon-Saos-2 and shATG4B-Saos-2 cells was found distributed throughout the cytoplasm and nucleus. In starved shCon-Saos-2 cells, GFP-LC3B was localized to structures distributed throughout the cell (Fig. 1B,  arrows) . This unique punctate pattern suggests the localization of GFP-LC3B to the forming AVs and is consistent with the activation of autophagy. The typical autophagy-related punctate pattern of GFP-LC3B was absent in starved cells lacking ATG4B (Fig. 1D) . This is consistent with the findings of Yin and coworkers who report that ATG4B is the primary activator of LC3B. 21 Next, we found that the rates of protein degradation were significantly reduced under both fed and starved conditions in shATG4B-Saos-2 cells (Fig. 1E) . The absence of AVs in starved shATG4B-Saos-2 cells was substantiated by electron microscopy ( Fig. 1G and H) . The fractional volume of AVs (autophagosomes and autolysosomes) was substantially decreased in starved shATG4B-Saos-2 cells compared with shCon-Saos-2 (Fig. 1F) . The data suggest that ATG4B is essential for the autophagy response in osteosarcoma Saos-2 cells.
We also examined the autophagy response in MDA-MB468 cells lacking ATG4B. This was done by visualizing the changes in the cellular distribution of GFP-LC3B stably expressed in these breast cancer cells. In fed cells with or without ATG4B, GFP-LC3B is present throughout the cytosol. On the other hand, numerous GFP-LC3B labeled AVs were present in amino acid starved shCon-MDA-MB468 cells containing ATG4B, but absent in shATG4B cells (Fig. S4A) . These findings show that ATG4B is essential for autophagy in these breast cancer cells.
ATG4B has a positive impact on tumor growth of Saos-2 cells Growing tumors survive nutrient limited conditions by activating autophagy. 8 We tested the ability of autophagy-defective shATG4B-Saos-2 cells to survive conditions of amino acid starvation. Saos-2 cells lacking ATG4B were more sensitive to amino acid starvation than cells containing ATG4B ( Fig. 2A) . We next evaluated the role of ATG4B in the growth of osteosarcoma tumors. shCon-Saos and shATG4B-Saos-2 were injected into a single subcutaneous site and tumor growth monitored over time (Fig. 2B) . Autophagy-competent shCon-Saos-2 cells formed tumors, while tumor growth was attenuated using autophagy Figure 1 . Starvation-induced autophagy requires ATG4B. Saos-2 cell lines stably expressing GFP-LC3B were treated with lentiviral nonspecific "scrambled" shRNA (shCon) or ATG4B-directed shRNA (shATG4B). Stable lines expressing shCon-Saos (A and B) and shATG4B-Saos-2 (C and D) were incubated in medium enriched for amino acids and serum (A and C) or starved for amino acids and serum (B and D) for 4 h and GFP-LC3B visualized by fluorescence microscopy. GFP-LC3B labeled AVs were present in starved cells that contained ATG4B, but absent from cells lacking ATG4B. Scale bar (A-D): 10 mm. (E) Protein degradation in shCon-Saos-2 and shATG4B-Saos-2 cells was measured under fed and starved conditions as described in Materials and Methods. (F-H) shCon-Saos-2 and shATG4B-Saos-2 cells were incubated under fed and starved (G and H) conditions and the fractional volumes of AVs quantified from electron micrographs randomly selected from 3 independent experiments using morphometric methods described in Materials and Methods (F). Autophagic vacuoles (arrows) were identified by their pleomorphic structure and heterogeneous and/or CMPase (electron dense reaction product) content. The insets contain higher magnifications of representative AVs. Scale bar (G-H and insets): 1 mm. The values represent the mean § SEM *P < 0.05; ***P < 0.001.
defective shATG4B-Saos-2 cells. Our findings suggest that ATG4B has a positive impact on cell growth during the formation of osteosarcoma tumors.
Computer docking of compounds to the active site of ATG4B
Our data suggest that ATG4B would be an excellent drug target to inhibit autophagy, to suppress cell survival under nutrient minimal conditions, and to inhibit tumor growth. Therefore, with the crystal structure of human ATG4B established and the active site mapped, we performed in silico compound docking combined with cell-based assays to identify putative small molecule inhibitors of ATG4B and autophagy. 29 Docking was done using the NCI database of 139,735 compounds that followed the Lipinski rules and fit into the active pocket identified by spheres (Fig. S2A) . These compounds were scored based on their potential to utilize hydrophilic and hydrophobic binding interactions within the pocket that contained histidine 280 and aspartic acid 278, which are required for the proteolytic activity of ATG4B. 29 Compounds with the highest predicted affinity for this pocket (Table S1 ) were obtained from the NCI and screened for their efficacy to suppress autophagy using 2 cellular models: Saos-2 osteosarcoma and MDA-MB468 breast cancer.
Effects of small compounds on autophagy Saos-2 and MDA-MB468 cells stably expressing GFP-LC3B were used to screen the inhibitory effects of these compounds on starvation-induced autophagy. In about 80% of the fed cells, GFP-LC3B was localized in a diffuse pattern throughout the cytosol (Figs. 3A; Fig. S3A ). Cells deprived of amino acids and serum showed a punctate distribution of GFP-LC3B in almost 80% of the Saos-2 cells (Figs. 3B; Fig. S3A ) and 70% of the MDA-MB468 cells (Fig. S3A ) consistent with ongoing autophagy. Next, we evaluated the effects of small compounds on this GFP-LC3B labeling pattern in starved Saos-2 and MDA-MB468 cells. The anti-autophagy effects of 6 representative compounds that docked at the active site of ATG4B (Fig. S2B ) are presented in Figure S3A . We showed that NSC52086 had no effect on starvation-induced autophagy in either cell line, and NSC24666, NSC128761, and NSC310196 inhibited autophagy only in MDA-MB468 cells. Of all the compounds tested only NSC185058 (Fig. 3C ) and NSC377071 effectively suppressed starvation-induced autophagy in both cell types (Fig. S3A) . These compounds were further shown to suppress autophagy in a concentration-dependent manner (Fig. 3D) . The inhibitory effects of these compounds on autophagy were substantiated by measuring the rates of protein degradation (Fig. S3B) . Amino acid deprivation has been shown to activate autophagy-mediated degradation of long-lived cellular proteins. Protein degradation was enhanced 2-fold in starved Saos-2 cells. The autophagy inhibitor, 3MA, effectively inhibited starvation-induced protein degradation. Those compounds that had no effect on GFP-LC3B labeling of autophagosomes in Saos-2 cells also had no effect on protein turnover. NSC185058 reduced starvationenhanced protein degradation by more than 50%, while NSC377071 proved more effective, comparable to 3MA.
If these compounds act on ATG4B, we would expect that the fractional volume of the AVs would be decreased since ATG4B and LC3B regulate autophagosome formation and size. 22 To address this, cytidine monophosphatase (CMPase)-negative autophagosomes and CMPase-positive autolysosomes in fed and starved Saos-2 cells were visualized by electron microscopy ( Fig. 3F-H ) and fractional volumes measured using morphometric techniques (Fig. 3E) . The fractional volume of AVs was greater in starved cells vs. cells incubated in fed amino acid-rich medium. Treatment with NSC185058 resulted in a dramatic decrease in the fractional volume of AVs in the starved cells ( Fig. 3E and H) . A similar trend was observed with NSC377071 ( Fig. 3E) .
We have also shown that NSC185058 and NSC377071 were equally effective on MDA-MB468 cells (Fig. S4) . GFP-LC3B labeled AVs were absent in starved MDA-MB468 cells when treated with NSC185058 (Fig. S4A) . The inhibitory effects of both NSC185058 and NSC377071 on starvationinduced protein turnover were comparable to 3MA (Fig. S4B) . Finally, we showed that the fractional volume of the AVs was significantly reduced in starved cells treated with NSC185058 (Fig. S4F) . The reduction in AV volume but not number suggested that the AVs were smaller when treated with this ATG4B antagonist. The data show that both NSC185058 and NSC377071 inhibit starvation-induced autophagy in Saos-2 and MDA-MB468 cell lines. Furthermore, based on the inhibition of starvation-induced protein turnover combined with the decrease in the fractional volume of the autophagic vacuoles, we conclude that NSC185058 and NSC377071 negatively impact AV formation in both Saos-2 and MDA-MB468 cell lines.
NSC185058 and NSC377071 suppress the activation and lipidation of LC3B
The initial screening of the NCI compounds provided 2 chemically distinct inhibitors of autophagy. Both compounds effectively suppressed starvation-induced autophagy when measured by GFP-LC3B labeling of AVs, degradation of endogenous long-lived proteins, and morphometry of AV volumes. The next step was to show that one or both compounds act by inhibiting ATG4B. This was done by evaluating the effects of these compounds on LC3B lipidation and ATG4B activity.
We found that starvation-induced LC3B lipidation was suppressed by these compounds (Fig. 4) . We suspect that this is due to the negative effects of these compounds on ATG4B activity. To test this, we used an in vitro assay developed by Li, et al. 21 Our results demonstrated that NSC185058, but not NSC377071, inhibited the ATG4B cleavage of LC3B-GST ( Compounds NSC310196 and NSC52086 were used as negative controls, since they were ineffective on autophagy as assessed by starvation-induced protein degradation ( Fig. S3B ) and GFP-LC3B labeling of autophagic vacuoles (Fig. S3A) . Li et al. have shown that ATG4A, but not ATG4C or ATG4D, has limited activity, albeit 10 3 -fold lower catalytic efficiency than ATG4B, on LC3B, which may allow a compensatory response. Therefore, we also tested the efficacy of NSC185058 to inhibit ATG4A (Fig. S5A) . The data suggest that NSC185058 suppressed the cleavage of GABARAPL2/GATE16-GST by ATG4A. Finally, we examined the inhibitory effects of NSC185058 using a cellular ATG4B assay (Fig. 5) . This was done by quantifying the release of Gaussia luciferase (dNGLUC) from ACTB-LC3B-dNGLUC expressed in 293T (Fig. 5A) and HuH7 ( Fig. 5B ) cell lines. Ketteler and Seed have shown that the cleavage of this substrate and release of dNGLUC is dependent upon ATG4B levels. 30 NSC185058 inhibited the C-terminal cleavage of LC3B by ATG4B in rapamycin-treated 293T cells and in amino acid starved HuH7 cells. Meanwhile, NSC377071 had a minimal effect on rapamycin-induced ATG4B activity in 293T cells as evidenced by LC3B cleavage, but inhibited starvation-induced activity in HuH7 cells. The results demonstrate that NSC185058 effectively inhibits ATG4B activity in vitro and in cells, but that NSC377071 is likely acting on a different target protein. . NSC185058 effectively inhibits ATG4B activity and LC3B lipidation. (A) Saos-2 (GFP-LC3B) cells were incubated under fed and starved conditions in the presence of 3-MA (10 mM), NSC185058 (100 mM), or NSC377071 (100 mM) for 2, 4, or 6 h. Nonlipidated (GFP-LC3B-I) and lipidated (GFP-LC3B-II) forms of GFP-LC3B were separated by SDS-PAGE and identified by western blotting using anti-GFP (Sigma) antibodies. The band density was quantified and the ratios calculated. (B) The cleavage of LC3B-GST by purified ATG4B was assayed as described in Materials and Methods. (C) The concentrationdependent effect of NSC185058 on ATG4B activity as shown in panel B was quantified. The densities of the LC3B-GST, GST and LC3B bands were measured. The fraction of (GSTCLC3B)/(LC3B-GSTCGSTCLC3B) at each time point is calculated, which correlated with the fraction of products (Fp). Using Fp at time zero (Fp-0) as the baseline, the inhibition% at each time point is calculated as 
Effects of NSC185058 and NSC377071 on autophagy signaling pathways Next, we examined the effects of NSC185058 and NSC377071 on the MTOR-RPS6KB1 and PtdIns3K signaling pathways, which regulate the onset of autophagy. [31] [32] [33] For example, the activation of autophagy correlates with a decrease in the phosphorylation state of ribosomal protein S6 (RPS6) associated with decreased MTOR and ribosomal protein S6 kinase b 1 (RPS6KB1) activities, and the association of phosphatidylinositol 3-phosphate (PtdIns3P) with forming autophagosomes with increased PtdIns3K activity that can be visualized using RFPtagged FYVE (Fab1-YOTB-Vac1-EEA1) zinc-finger domain that binds to PtdIns3P. [34] [35] [36] Under fed conditions, RPS6 was phosphorylated and migrated more slowly than the nonphosphorylated RPS6 on SDS-PAGE (Fig. 6A, lane a) . This phosphorylation was MTOR dependent as evidenced by its inhibition by rapamycin (Fig. 6A,  lane c) . When Saos-2 cells were switched from fed to starved conditions, RPS6 was dephosphorylated (Fig. 6A, lanes a and b) . BECN1 had little effect on the phosphorylation and dephosphorylation of RPS6 in fed and starved cells (Fig. S5B, lanes d and e) . The dephosphorylation of RPS6 was only marginally affected in NSC185058-treated Saos-2, shCon, and shBECN1 cells (Fig. 6A, lane h; Fig. S5B, lanes c and f) . NSC310664, a putative LC3B antagonist (data not shown), was also found to have minimal effects on MTOR activity. The limited RPS6 phosphorylation in the presence of NSC185058 may be due to a feedback inhibition of autophagy, since a comparable level of phosphorylated RPS6 was observed in the presence of 3MA (Fig. 6A,  lanes g and h) . To the contrary, the starvation-induced dephosphorylation of RPS6 was effectively suppressed by NSC377071 resulting in a fully phosphorylated RPS6 as seen in fed cells and faster migrating partially phosphorylated RPS6 (Fig. 6A, lanes b  and i) . We also showed that NSC377071 partially restored RPS6 phosphorylation that had been suppressed by rapamycin (Fig. 6A, lanes c and e) .
Next, we utilized FYVE-tagged RFP to localize PtdIns3P and assess PtdIns3K activity in the Saos-2 cells. [36] [37] [38] When autophagy is suppressed in fed cells, FYVE-RFP distributed throughout the cytosol (Fig. 6B) . Under starvation conditions, FYVE-RFP was found associated with small and large structures throughout the cytoplasm (Fig. 6C, arrows) . About 30% of the fed cells contained FYVE-RFP vesicles compared with 70% present in starved cells (Fig. S5C) . ATG4B (Fig. 6G) and NSC185058 (Fig. 6E ) had no effect on the labeling of these vesicles, suggesting PtdIns3K activity was unaltered (Figs. 6E and G; Fig. S5C ). However, we found that NSC377071 inhibited the FYVE-RFP labeling of these structures (Fig. 6F) .
These findings suggest that NSC185058 has little effect on either MTOR or PtdIns3K activities, and thus, targets ATG4B ( Fig. 4; Fig. 5 ) to inhibit autophagy (Figs. 3; Fig. S3 ). Meanwhile, NSC377071 appears to be suppressing ATG4B activity (Fig. 5B) and autophagy ( Fig. 3; Fig. 4 ) by positively affecting the MTOR pathway (Fig. 6A) and/or negatively affecting the PtdIns3K pathway (Figs. 6F; Fig. S5C ).
Effects of NSC185058 and NSC377071 on autophagy in vivo
We have shown that both NSC185058 and NSC377071 suppress autophagy by inactivating ATG4B directly and indirectly, respectively. Next, we will demonstrate that these compounds are effective in vivo by monitoring the cellular distribution of GFP-LC3B transiently expressed in the livers of C57BL/6 mice. Mice were injected at 2 24 h intervals with vehicle, NSC185058, or NSC377071, autophagy induced by 20 h fasting, and GFP-LC3B imaged using a multiphoton fluorescence microscope (Fig. 7) . Fasting Figure 5 . NSC185058 effectively inhibited ATG4 activity in cells. 293T (A) and HuH7 (B) cells transiently expressing ACTB-dNGLUC or ACTB-LC3B-dNGLUC were incubated in the presence of amino acids and serum. ATG4B was activated by rapamycin (Rap) or amino acid starvation (St) and the proteolytic cleavage of ACTB-LC3B-dNGLUC by ATG4B quantified by measuring dNGLUC (R.L.U.) recovered in the medium. 30 The values represent the mean § SEM (n D 3). Statistical comparisons were made to rapamycin treatment in (A) and to starvation conditions in (B) (**P < 0.01).
resulted in an increase of GFP-LC3B AVs compared with ad libitum fed mice. Both NSC185058 and NSC377071 significantly decreased the appearance of GFP-LC3B AVs compared with fasted mice. The results show that these compounds inhibit autophagy in vivo, and that the inhibitory effects persisted for at least 20 h after injection.
Effects of NSC185058 on the growth of osteosarcoma tumors
Our data suggest that ATG4B is a potential target for inhibiting autophagy and suppressing osteosarcoma growth ( Fig. 1; Fig. 2) . We have identified and characterized an ATG4B antagonist that effectively inhibits autophagy in vitro and in vivo. NSC185058 was found to be cytotoxic to Saos-2 cells during a 48 h exposure (Fig. 8A) . Furthermore, cytotoxicity was more evident in cells deprived of amino acids. These findings are consistent with this compound inhibiting autophagy, a pathway important in cell survival under nutrient-deprived conditions.
Next, we tested the efficacy of NSC185058 to suppress Saos-2 osteosarcoma growth in vivo. Saos-2 cells were injected subcutaneously into the right flank. At 7 d, when the tumors were palpable, the mice were divided into 2 groups and treated with vehicle or NSC185058. Tumor growth in vehicle treated mice was significant over 30 d (Fig. 8B) . Meanwhile, tumors in mice treated with NSC185058 grew very poorly. Forty d of NSC185058 treatment did not appear to be toxic to the animals. No mice died during the treatment and, in fact, mouse body weights increased comparably to vehicle-treated mice (Fig. S7A) . In addition, no pathologic changes in the liver (Fig. S7B and S7C) , heart ( Fig. S7D and S7E ), and kidney ( Fig. S7F and S7G) were evident.
Next, we determined whether NSC185058 suppressed autophagy within the tumor. This was done by removing the tumors and visualizing the autophagy response within the tumor cells by electron microscopy (Fig. 9) . Tumors from vehicle treated mice contained many autophagic vacuoles suggesting ongoing autophagy (Fig. 9A, arrows) . AVs were more evident at the tumor core where autophagy is the most active in growing tumors. 8 Meanwhile, the autophagic vacuoles were virtually absent in those tumors isolated from treated mice suggesting that autophagy was suppressed within the cells of the osteosarcoma tumors by NSC185058. Morphometric quantification of the AVs revealed ongoing autophagy in the growing vehicletreated tumors, which was significantly decreased in the NSC185058-treated tumors (Fig. 9C) .
The antitumor effects of NSC185058 were unrelated to an inhibition of oncogenic protein kinases. Surface receptors ERBB2/HER2 and MET/c-MET and their downstream effectors AKT, MAPK/ERK, and SRC, have been implicated in the progression and metastasis of osteosarcomas. [39] [40] [41] [42] The effects of NSC185058 on kinase activities were determined by assessing the phosphorylation states of these kinases in cells growing in nutrient-and serum-rich medium (Fig. S6) . Our results show that NSC185058 had no effect on the phosphorylated active states of these kinases under fed conditions. Furthermore, we have shown that the phosphorylated state of AKT was unaltered in fed cells lacking ATG4B or in starved cells treated with NSC185058 (data not shown). ERBB2 was found to be inactive under serum-starved conditions, and NSC185058 had no effect on the dephosphorylated inactive state of ERBB2. JUN phosphorylation has been implicated in the induction of autophagy and the production of metalloproteinases that modulate osteosarcoma migration. 43, 44 Our results show that the activated phosphorylated state of JUN was unaltered in Saos-2 cells treated with NSC185058.
Finally, we performed a crossover study to test the effects of NSC185058 on preexisting tumors and to determine whether tumor growth is re-established upon removal of NSC185058 (Fig. 8C) . As previously observed, NSC185058 suppressed osteosarcoma tumor growth when treatment began 12 d after cell injections. With the tumors established at 45 d, the animal control and treatment groups were switched. Over the next 28 d of NSC185058 treatment, the tumors decreased in size. Meanwhile, tumor growth appeared to be partially restored when NSC185058 treatment was stopped in the mice now injected with vehicle only. Our findings suggest that NSC185058 can effectively inhibit tumor growth and reduce tumor size, but that these effects are reversible.
Discussion
Autophagy is a cytoprotective pathway essential for metabolic homeostasis during exposure to the hostile tumor microenvironment and for organelle quality control during chemotherapy treatment. Thus this pathway is an ideal drug target for suppressing tumor growth and attenuating chemoresistance. Several antiautophagy drugs that target either PtdIns3K or lysosome function have been reported. 3MA and wortmannin were the first class of autophagy inhibitors that inactivated PtdIns3K and inhibited autophagosome formation. 45 Spautin-1 inhibits ubiquitin-specific peptidases thereby allowing proteosome-mediated degradation of PIK3C3, the kinase subunit of PtdIns3K. 36 Unfortunately, these PtdIns3K perturbants have not been proven to be effective in vivo. On the other hand, chloroquine and its derivatives are effective in vivo in suppressing the fusion of autophagosomes with lysosomes while also inactivating lysosomal proteinases. However, recent findings suggest that the anticancer effects of chloroquine may be independent of autophagy. 25 That is, these lysosomotropic agents may interfere with lysosome functions possibly resulting in lysosome lysis and cell death.
In this study, we set out to identify a protein essential for autophagy and tumor growth, screen and characterize potential compounds that inhibit the protein and autophagy in vitro and in vivo, and finally, test the ability of a lead compound to inhibit tumor growth. Of the 4 autophagins, ATG4B is 1500-fold more catalytically efficient for LC3B activation than the other 3 autophagins. 21 Marino et al. report a systemic reduction in autophagic activity in ATG4B-deficient mice that is not observed in ATG4C-deficient mice. 46 ,47 ATG4B and LC3B are essential for amplifying and sustaining the autophagy response. 22, 23 We have shown that ATG4B knockdown in Saos-2 and MDA-MB468 cell lines are defective in starvation-induced autophagy ( Fig. 1;  Fig, S4 ). We have demonstrated that osteosarcoma Saos-2 cells lacking ATG4B fail to survive amino acid-starvation conditions and have attenuated tumor growth in mice (Fig. 2) . These findings suggest that ATG4B would be good target to inhibit autophagy and tumor growth.
Autophagy proteins have been linked to tumor suppression and tumor survival. Mouse studies have shown that ATG5, ATG7, and BECN1 are tumor suppressors. 48, 49 Furthermore, the BECN1 gene is monoallelically deleted in a majority of sporadic human breast, ovarian, and prostate cancers. 50 To the contrary, elevated levels of LC3B have been linked to poor prognosis in human pancreatic, colorectal, and breast carcinomas. [5] [6] [7] Our genetic and pharmaceutical studies have shown that ATG4B has a positive impact on the growth and maintenance of osteosarcoma xenografts ( Fig. 2; Fig. 8 ).
Reed and coworkers have used a high throughput screen to identify 17 ATG4B inhibitors. 51 Two libraries of 3280 pharmacologically active compounds have been screened using an in vitro LC3B-PLA2 reporter. These purported ATG4B antagonists have IC 50 values ranging between 1.1 to 5.5 mM in vitro, but the efficacy of these compounds to inhibit autophagy in cells or animals has yet to be established. Our docking protocol ranked over 139,735 compounds for subsequent screening using cell-based ATG4B and autophagy assays. Using a rigorous in vitro and in vivo testing approach, we identified 2 lead compounds that suppressed autophagy in both cell and animal models. However, upon further testing only one inhibited ATG4B directly. Our results suggest that NSC377071 indirectly suppressed ATG4B activity and autophagy by inhibiting PtdIns3K or an unknown upstream regulator. In addition, this compound inhibited ATG4B function in starved, but not rapamycin-treated cells. Further studies are needed to fully understand the inhibitory effects of this compound on rapamycin-treated autophagy. Meanwhile, we have shown that NSC185058 directly inhibited cellular ATG4B activity induced by starvation or rapamycin and suppressed the lipidation of LC3B and autophagosome formation in response to starvation. This first generation ATG4B antagonist has an IC 50 of about 50 mM for ATG4B activity assayed in vitro. NSC185058 is available solely through the NCI, but can be chemically synthesized in gram amounts in a single efficient reaction. We have found that this compound had no effect on the known autophagy regulatory pathways or oncogenic protein kinases. That is, NSC185058 did not activate the MTOR pathway as determined by RPS6 phosphorylation ). The statistical differences between comparable time points are indicated. *P < 0.05; **P < 0.01; ***P < 0.001 (Fig. 6A) or inhibit PtdIns3K activity as determined by FYVE-RFP localization (Fig. 6E) . Antiautophagy drugs tested in cell culture are believed to be most effective when combined with chemotherapies. However, we have shown that antiautophagy NSC185058 can be effective as a single antitumor agent to suppress tumor growth and induce tumor regression in osteosarcoma xenografts. An intraperitoneal injection of NSC185058 (100 mg/kg body weight) effectively inhibited autophagy for at least 24 h, and administering this dosage 3 d per wk suppressed osteosarcoma growth. We observed no loss in animal weight and no abnormal morphologies in the liver, heart, and kidney (Fig. S7) . These studies have been limited to 4 wk of treatment. The long-term effects of NSC185058 remain to be evaluated, but atg4b ¡/¡ mice are viable with only developmental inner ear problems and Paneth cell defects reported. 46, 52 Our results suggest that the antitumor effects of NSC185058 are consistent with its ability to interfere with ATG4B function and inhibit autophagy. For example, this compound had no effect on the phosphorylated states of oncogenic protein kinases (Fig. S6) . Saos-2 cells lacking ATG4B or treated with NSC185058 were more sensitive to starvation conditions that mimic the tumor environment ( Figs. 2A; Fig. 8A) . Furthermore, the extent of NSC185058 inhibition of osteosarcoma tumor growth was comparable to that observed for tumors lacking ATG4B. However, we have observed that high concentrations of NSC185058 reduce the viability of Saos-2 cells under fed conditions while cells lacking ATG4B are not sensitive. This finding suggests that NSC185058 may have other cytotoxic effects. Although we have not identified all the possible targets of NSC185058, we have eliminated a number of likely autophagy and oncogenic suspects. Therefore, we proposed that the antitumor activity of this ATG4B antagonist is due to its efficacy to inhibit autophagy. Furthermore, we suggest that NSC185058 is toxic to the osteosarcoma cells more so than healthy tissues because the tumor cells require autophagy for surviving the nutrient deprived microenvironment of the avascular tumor while healthy vascularized tissues are rich in nutrients.
We predict that ATG4B antagonists would be effective in other cancers expressing high levels of ATG4B, such as triplenegative breast and colorectal cancer cells (Fig. S1A) . Although this has not been fully tested, we have shown that NSC185058 effectively inhibits autophagy in MDA-MB468 cells (Fig. S4) . Both Saos-2 and MDA-MB468 cells respond to amino acid and serum starvation conditions by activating autophagy, and NSC185058 attenuates this response by repressing AV formation. We have not yet tested the effects of NSC185058 on MDA-MB468 tumor growth, but suspect that this ATG4B antagonist will have a negative impact on tumor growth.
Osteosarcoma begins in rapidly growing long bones of children and adolescents and metastasizes most commonly to the lungs. Aggressive interventions including surgical removal of the bone and followup chemotherapy can have harsh side effects and are only partially effective, with 50% of these patients dying of this disease. Therefore, a safe and effective systemic therapy is critical to treat these young patients. Our findings suggest that ATG4B antagonists may prove useful in treating this aggressive cancer. We have demonstrated that ATG4B and autophagy have an essential role in osteosarcoma growth. We have identified a Figure 9 . ATG4B antagonist NSC185058 inhibits autophagy within the osteosarcoma tumor. Immunodeficient nu/nu female mice were injected subcutaneously with Saos-2 cells. At 7 d, the mice were divided into 2 groups and injected IP on Monday, Wednesday, and Friday with either peanut oil (A) or NSC185058 (100 mg/kg body weight) in peanut oil (B). At the end time point, tumors were removed and then fixed and processed for electron microscopy (A and B). Pleomorphic AVs (arrows) were evident in the osteosarcomas from vehicle-treated mice, but relatively absent in the tumors from the NSC185058-treated mice. The insets contain higher magnifications of the representative AVs. The fractional volumes of the AVs were quantified by morphometrics as described in Materials and Methods (C). The values represent the mean § SEM of 8 to 12 electron micrographs from each of 3 vehicle-treated and 4 NSC185058-treated tumors (***P < 0.001). Scale bar: 2 mm.
first generation ATG4B antagonist that effectively suppresses autophagy in vivo and in a single agent regimen effectively inhibits the growth of Saos-2 tumors in preclinical xenograft models.
In addition, we have demonstrated that NSC185058 reduces tumor size, but its anticancer effects appear to be reversible. Although we have not adequately defined all the possible protein targets of NSC185058, these findings open new venues for antiautophagy drugs and new targets for treating osteosarcoma, breast adenocarcinoma, and other aggressive cancers.
Materials and Methods
Cell culture Saos-2 (osteosarcoma) (ATCC, HTB-85), MDA-MB468 (triple-negative breast cancer) (ATCC, HTB132), HEK-293T (human embryonic kidney) (ATCC, CRL-11268), and HuH7 (hepatoma) (JCRB Cell Bank, JCRB0403) cell lines were grown in DMEM supplemented with 10% fetal bovine serum. Stable expression of GFP-LC3B in Saos-2 and MDA-MB468 cell lines was achieved by transfecting the pGFP-LC3B vector with Lipofectamine 2000 (Invitrogen, 52887) followed by G418 (0.5 mg/ ml; RPI, G64000) selection and cloning by limiting dilutions. 53 Transient expression of FYVE-RFP in Saos-2 cells was accomplished by transfecting the pFYVE-RFP vector with Lipofectamine 2000. [36] [37] [38] Cell lines stably transfected with shCon, shATG4B, and shBECN1, were isolated by infection with recombinant lentiviral vectors encoding a "scrambled" shRNA, ATG4B shRNAs (Open Biosystems, RHS4533-NM_013325), or BECN1 shRNAs, (Open Biosystems, RHS4533-NM_003766) followed by selection with puromycin (5 mg/ml; Sigma, P8833). ATG4B expression was knocked down 70% in Saos-2 and 90% in MDA-MB468 cell lines (Fig. S1B) and BECN1 expression was knocked down over 90% in Saos-2 cells (Fig. S5B ).
Morphological and biochemical measures of autophagy responses in vitro and in vivo
Saos-2 and MDA-MB468 cells stably expressing GFP-LC3B were incubated in DMEM medium supplemented with amino acids and serum (Fed) or Krebs-Heinseleit medium lacking amino acids and serum (Starved). 54 The starved cells were incubated in the presence and absence of the NSC compounds (0.1 to 1000 mM) for 4 h, fixed with 2% paraformaldehyde and the GFP-LC3B labeled AVs examined using a Zeiss Axiophot Fluorescence Photomicroscope (Carl Zeiss Microscopy, Thornwood, NY) with ColdSnap HQ camera (PhotoMetrics, Tucson, AZ). The digital images were visualized using Photoshop or ImageJ software. The number of autophagosomes (green "dots") per cell was quantified using ImageJ software. Taking into account basal autophagy responses, those cells with more than 5 (Saos-2) or 10 (MDA-MB468) puncta were defined as autophagy active.
Untreated and treated fed and starved cells were fixed, processed for CMPase cytochemistry and the sections examined by electron microscopy. 55, 56 Photographic negatives taken on a JEOL 100CX electron microscope (JEOL USA, Peabody, MA) were digitized using an Epson 4990 Scanner (Epson America, Long Beach, CA). Fractional volumes of the AVs relative to the cytosolic volume were quantified on 8 to 12 images (4000£ mag) per condition per 3 or more trials by morphometric methods using ImageJ software. 55, 56 The degradation of long-lived proteins was measured by 14 Cvaline pulse-chase protocols as previously described. 54, 57 Cellular proteins were radiolabeled by incubating with 14 C-valine for 16 h. Afterwards, the cells were switched to fed or starved media in the absence and presence of autophagy drugs and the degradation of long-lived proteins over 1 to 5 h of chase determined by measuring acid-soluble radioactivity in the medium and cells.
Autophagy responses in vivo were assessed by intraperitoneal (IP) injection of adenoviral GFP-LC3B (10 ml of 10 12 particles/ ml stock) (Welgen, Inc., Worcester, MA) into male C57BL/6 mice (Charles River, Wilmington, MA) providing a transient expression (2 to 5 d) of GFP-LC3B in the liver. At 2 24 h intervals, the mice were injected IP with peanut oil vehicle or ATG4B antagonists (100 mg/kg body weight). The mice were fed ad libitum or fasted for 18 to 22 h to induce autophagy. Upon euthanasia, the livers were removed and transferred directly to the stage of a Zeiss 510 NLO multiphoton laser scanning confocal microscope (Carl Zeiss Microscopy, Thornwood, NY) equipped with a META spectral detector (Carl Zeiss Microscopy, Thornwood, NY) whereby the GFP-LC3B labeled AVs were visualized and digital images recorded. The autophagy response was measured using ImageJ to quantify the GFP-LC3B dots in each of 5 fields from each trial.
In silico molecular docking of small-molecular-weight compound database
The data show that ATG4B, a cysteine proteinase, is critical for enhancing the amplitude of autophagy and sustaining its response by regulating the lipidation of LC3B. C74, W142, R229, D278, and H280 have been shown to be required for the proteolytic activation of LC3B by ATG4B. 29 The crystal structure of ATG4B (Protein Data Bank code 2CY7) reveals that C74 is inaccessible to solvent whereas D278 and H280 is clustered within a surface pocket that is solvent accessible and used as a target for compound docking. 29 In our effort to identify ATG4B inhibitors, which would suppress autophagy, we used in silico molecular docking to identify from a library of 139,735 chemical compounds those predicted to bind to the active site of ATG4B. Each compound screened is considered to follow the Lipinski rules of drug-likeness to focus on compounds with favorable solubility and bioavailability characteristics. Each compound was scored in 100 different orientations into the selected structural pocket and the highest scoring compounds and orientations were output. Scores were based on nonpolar interactions (based on van der Waals contacts) and polar interactions (electrostatic score). Those 20 compounds with the highest overall energy score (van der Waals C electrostatic score) were requested from the NCI DTP (http://dtp.nci.nih.gov/RequestCompounds/) and the 12 received were dissolved in DMSO and tested for their ability to inhibit starvation-induced autophagy (Table S1 ). All programs for in silico docking were part of the DOCK5.0 suite developed at University of California, San Francisco. 58 Images of protein structure and compound docking were obtained using PyMOL software (DeLano Scientific, Palo Alto, CA).
Chemical synthesis of NSC185058 NSC185058 was synthesized from 2-picoline (46.6 g) and 2-aminopyridine (51.8 g) in the presence of elemental sulfur (47 g ) by heating at 160 C for 18 h. The bulk of unreacted methylpicoline was removed by distillation under vacuum. 59, 60 The resulting residue was recrystallized twice from absolute ethanol taking care to filter off unreacted sulfur. The resulting light brown solid was dissolved in 150 mL of 2:1 hexane/CHCl 3 , decolorized with carbon, and filtered through a short 1 £ 5 cm column of silica. Recrystallization from 95% ethanol afforded 8.00 g (7%) of long, yellow-orange needles, MP 81 to 82 C (lit 81 to 83 C) and fully characterized by 1 H-and 13 C-NMR, and high resolution mass spectrometry.
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ATG4B assays
The cleavage of LC3B-GST by purified ATG4B was assayed as previously described. 21 Purified ATG4B was preincubated with the putative ATG4B-targeted compounds at different concentrations for 24 h. Purified LC3B-GST was added to the ATG4B mixture for 3 min and full-length or cleaved LC3B-GST was resolved by SDS-PAGE followed by Coomassie Blue staining. Cellular ATG4B was assayed by measuring the cellular release of an N-terminally deleted form of Gaussia luciferase (dNGLUC) as described by Ketteler, et al. 30 An actin-LC3B-dNGLUC (and actin-dNGLUC control) construct in a pLKO vector was transiently expressed in 293T and HuH7 cells using Lipofectamine 2000. For unknown reasons, dNGLUC could not be detected in the medium when using the Saos-2 cell lines. The cells were incubated under fed and starved (or rapamycin) conditions in the absence or presence of the ATG4B-targeted compounds and the release of dNGLUC into the media was measured.
PtdIns3K assay
Saos-2 transiently expressing FYVE-RFP (gift from Dr Junying Yuan, Harvard Medical School) was incubated in DMEM medium supplemented with amino acids and serum (Fed) or Krebs-Heinseleit medium lacking amino acids and serum (Starved). The starved cells were incubated in the presence and absence of the NSC185058 or NSC377071 for 4 h at which time the cells were examined by fluorescence microscopy. The numbers of red "dots" per cell was quantified using ImageJ software. Taking into account basal responses, those cells with 3 or more puncta were defined as PtdIns3K active.
Osteosarcoma xenograft studies
Immunodeficient nu/nu nude female mice (Charles River, Wilmington, MA) were injected subcutaneously with 6 £ 10 6 Saos-2 (GFP-LC3B), shCon-Saos-2(GFP-LC3B) or shATG4B-Saos-2(GFP-LC3B) cells. Palpable Saos-2 (GFP-LC3B) tumors developed in 7 to 10 d, at which time, the mice were divided into 2 groups and injected IP on Monday, Wednesday, and Friday with either peanut oil vehicle or NSC185058 (100 mg/kg body weight) dissolved in peanut oil. Over time, the tumor dimensions were measured using calipers and volumes calculated using the formula: (W 2 £ L)/2. All animal studies were conducted in compliance with the US Department of Health and Human Services Guide and approved by the Institutional Animal Care and Use Committee and the Division of Environmental Health and Safety at the University of Florida.
Western blots
Cellular proteins were solubilized in SDS sample buffer (67 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 0.1% bromophenol blue, and 1.5% DTT) supplemented with a proteinase inhibitor cocktail (Sigma P8340) and separated on 10% or 15% SDS-PAGE. After transferring the proteins to PVDF (polyvinylidene difluoride) membranes, the membranes were blotted with anti-LC3B antiserum (prepared by Biosource, Hopkinton, MA against SEKTFKQRRTFEQRVEDV), anti-ATG4B antiserum (Cell Signaling Technology, 5299), anti-RPS6 antiserum (Cell Signaling Technology, 2317), anti-phospho-RPS6 (Ser 240/244) antiserum (Cell Signaling Technology, 2215) or mouse antib-tubulin 1 (Sigma, T7816). Following the secondary HRP-conjugated antibody, the PVDF membranes were treated with ECL reagent and exposed to X-ray film. The bands were quantified using ImageJ software. Activation of oncogenic kinases was determined by monitoring their phosphorylated (active) states. Cells were solubilized in SDS sample buffer containing 1 mM orthovanadate to inhibit phosphatases, the proteins separated on 10% SDS-PAGE and transferred to PVDF membranes. 
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